Abstract. Developing methods for analyzing and extracting information from modern sky surveys is a challenging task in astrophysical studies. We study possibilities of parameterizing stars and interstellar medium from multicolor photometry performed in three modern photometric surveys: GALEX, SDSS, and 2MASS. For this purpose, we have developed a method to estimate stellar radius from effective temperature and gravity with the help of evolutionary tracks and model stellar atmospheres. In accordance with the evolution rate at every point of the evolutionary track, star formation rate, and initial mass function, a weight is assigned to the resulting value of radius that allows us to estimate the radius more accurately. The method is verified for the most populated areas of the Hertzsprung-Russell diagram: main-sequence stars and red giants, and it was found to be rather precise (for main-sequence stars, the average relative error of radius and its standard deviation are 0.03% and 3.87%, respectively).
INTRODUCTION
To properly understand the structure and evolution of the Galaxy, one needs to know stellar masses (M), radii (R), luminosities (L), chemical abundances, and ages. Determining these parameters is one of the most important problems in astrophysics. The physical characteristics of a stellar atmosphere can be obtained from its spectrum. However, the task is complicated by the presence of the interstellar medium, which reduces the brightness and distorts the spectral energy distribution. This is why studies of stars and interstellar medium are related and concomitant tasks.
Different methods were designed to estimate stellar atmospheric parameters. One of them is the method of IR fluxes (Blackwell et al. 1980 (Blackwell et al. , 1990 . Its advantage is low sensitivity to interstellar extinction, to stellar metallicity and gravity. Another technique is the usage of calibration relations, which allow us to estimate effective temperature from color indices (see, e.g., Alonso et al. 1996; Kinman & Castelli 2002; Ramírez & Meléndez 2005; González Hernández & Bonifacio 2009 ). However, they are sensitive to interstellar extinction and usually can be applied either to dwarfs or to giants.
Also, researchers often use observational photometry to solve the problem of determination of physical characteristics of stars and interstellar absorption. In particular, a number of recent studies investigate the possibility of determining effective temperature and gravity from multicolor photometry (Sichevsky 2012; Sichevsky et al. 2013 Sichevsky et al. , 2014 ).
Here we study the possibility of estimating characteristics of stars and interstellar absorption from combined multicolor photometry from three digital sky surveys performed in different spectral ranges. The procedure is described in Section 2. For this parameterization, we use the method of estimating stellar radius from the star's effective temperature and surface gravity using evolutionary tracks; this method is discussed in Section 3. Finally, in Section 4 we make our conclusions.
PARAMETERIZATION OF STARS FROM MULTICOLOR PHOTOMETRY
The development and application of methods for analyzing and extracting information from sky surveys made in different spectral ranges is a modern branch in astrophysical research. Modern photometric surveys contain information on 10 5 −10 6 relatively faint objects, and the lack of spectroscopic data for them can be compensated by cross-identification of the object in different surveys (Karpov et al. 2012) , with subsequent analysis of all catalogued photometric data.
Photometric measurements have been used to evaluate stellar atmospheric parameters for a long time. One of the ways to extract information from observational photometry is a comparison of the observed value with those obtained from integration of the theoretical spectrum with corresponding response curves. In addition, knowledge of stellar radius corresponding to the particular spectrum makes it possible to calculate absolute fluxes. In turn, this allows us to calculate not only color indices, but also the star's brightness that is required to assess photometric distance. The method of estimating stellar radii will be described in Section 3.
Generally speaking, observational photometry of a star depends strongly on some astrophysical parameters (e.g., T eff and A V ) and relatively weakly on others (log g, metallicity). As a result, the determination accuracy of the former group of parameters from multicolor photometry is higher than that for log g and the distance to the star, related to gravity and, consequently, luminosity class (see, e.g., Sichevsky et al. 2014 ).
In the current study, we consider three photometric surveys performed in different spectral ranges, namely GALEX 1 , SDSS 2 , and 2MASS 3 . The procedure for determining stellar parameters consists of several sequential steps. First, for random values of T eff , log g, A V , and distance (d), multicolor photometry for the three mentioned surveys is simulated. The calculation is performed using theoretical spectra. Radius (R) is also estimated (see Section 3 for details). The influence of interstellar medium, i.e., reddening of the spectrum, is modeled using the well-known interstellar extinction law from Cardelli et al. (1989) . Metallicity [M/H] and total-to-selective extinction ratio, R V , were fixed to be 0 and 3.2 mag, respectively. Stellar brightness in a given photometric band was calculated in accordance with the procedure described in Sichevsky et al. (2014) . Second, the resulting magnitudes were "noised" by a random amount, simulating the observational error.
Then, the resulting color indices were compared to the so-called "pre-computed" colors (i.e., calculated beforehand for every node of a sufficiently dense net in the T eff − log g−A V space; random noise was not involved here). The adequacy of the obtained values was estimated through the analysis of the sum of squared residuals (SSR) for the resulting and pre-computed color indices. One can choose the node providing the minimum SSR. The values of T eff , log g, A V , and d, corresponding to that node, are declared to be the resulting parameters, recovered from the simulated photometry.
An example of applying this method is shown in Fig. 1 . All solutions for T eff , log g, A V , and d are shown on the top panels, with their values of SSR. It can be seen that T eff and A V are determined relatively correctly, while log g (and, consequently, d) can hardly be determined. However, if one selects only the solutions corresponding to the "best" temperature (bottom panels), log g and d can be determined rather easily.
This approach was applied to a set of model stars with simulated T eff , log g, A V , and d. Initial and "restored" values of A V and d are shown in Fig 2. It can be seen that it is possible to generally restore the A V −d relation from multicolor photometry; however, to achieve better results, other, more precise methods for log g determination should be used.
ESTIMATING STELLAR RADIUS FROM EVOLUTIONARY TRACKS
The theory of stellar evolution describes how the fundamental physical characteristics of stars change with time. Numerical simulations in the frame of this theory permit to construct isochrones and evolutionary tracks, while model stel- lar atmospheres serve as a connecting link between the physical characteristics of stars (mass, radius and luminosity) and their observed spectra. For example, a method was proposed in Malkov et al. (2010) for estimating the mass and age of stars from their effective temperatures and gravities, which is based on geometric similarity of evolutionary tracks.
In the present study, we use Geneva evolutionary tracks (Ekström et al. 2012; Georgy et al. 2013) Different values of radius can correspond to the same T eff − log g pair; however, they are not equally probable. The stellar radius probability function depends on the initial mass function (IMF), star formation rate (SFR), and evolution rates of different stars in a given point of the T eff − log g diagram (the latter is determined by the evolutionary tracks). Here we assume a constant SFR during the recent 13.7 billion years and the classical IMF from Salpeter (1955) . We calculated the stellar radius probability function for the set of narrow intervals, which cover the whole T eff range determined by the evolutionary tracks. Details of the procedure can be found in Sichevsky (2016a) . It is worthy to note that the procedure allows us to determine also such important astrophysical parameters as stellar mass and luminosity.
The method was verified using data on well-known stars. Particularly, we used data on more than a hundred components of well-studied double-lined eclipsing binaries from Malkov (2007) (some stars were omitted from consideration due to low quality of their parameters) and on about twenty bright stars from Heiter et al. (2015) . These two data sets allow us to study the method for two most populous areas, namely for main-sequence and red giants areas. The test stars, together with evolutionary tracks, are shown in Fig. 3 . The results for binary stars are shown in Fig. 4 . One can see that there is a good agreement with observations (the average relative error and its standard deviation are respectively 0.03% and 3.87%). We note that the method proposed in our earlier work (Sichevsky 2016b ) has a bias of about 2% and a large standard deviation.
The results of applying the method to bright stars are shown in Fig. 5 . Here we also demonstrate the influence of metallicity. For stars with [Fe/H]≤ −0.35, we plot the results for both sets of evolutionary tracks, the correct (filled circles) and overvalued (open circles) ones. One can see that to properly determine stellar radius it is necessary to know the metallicity of the star.
CONCLUSIONS
In this study, we propose and evaluate the method to determine the parameters of stars and interstellar medium (interstellar extinction) using combined multicolor photometry from different surveys (GALEX, SDSS, 2MASS). We describe the procedure to estimate stellar radius from effective temperature and gravity with theoretical spectra and evolutionary tracks. The method is verified for the most populated areas of the Hertzsprung-Russell diagram: main-sequence stars and red giants, and it was found to be rather precise (for MS stars, the average relative error and its standard deviation are 0.03% and 3.87%, respectively).
We believe that this method, permitting to estimate the radius, mass, luminosity of the star from its effective temperature and gravity, will become very useful. It can be applied, in particular, to the recently performed surveys that contain several hundred thousands of stellar spectra with determined values of T eff , log g, and [Fe/H]. Among them, there are SEGUE (Sloan Extension for Galactic Understanding and Exploration), containing some 2 · 10 5 spectra (Yanny et al. 2009 ) and LEGUE (LAMOST Experiment for Galactic Understanding and Exploration) that contains more than 10 6 spectra (Deng et al. 2012 ).
